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The enhancement of Er3+-based up-conversion for photovoltaics in multilayer porous silicon pho-
tonic structures is considered theoretically and experimentally. Transfer matrix simulations are used
to assess the increased photonic density of states that results from the slowing of energy propagation
at the short-wavelength edge of one-dimensional photonic band gaps. An indirect calculation of Er3+
absorption enhancement within slow-light modes is then used to illustrate an increase in absorption
over the bulk value: the effective absorption coefficient is shown to increase by more than 22% over
a broad spectral region and by more than 400% over a narrow region. Erbium-doped porous sili-
con photonic crystals are fabricated with the photonic band edge coincident with the 4I15/2→
4I13/2
Er3+ transition. Challenges in fabrication are discussed. An angular-dependent photoluminescence
measurement demonstrates emission intensity that varies non-monotonically with the position of
the photonic band edge. A maximum of 26.6× enhancement of Er3+ emission intensity is observed
for the 550-nm transition, with lower enhancement factors seen for longer wavelengths.
I. INTRODUCTION
The up-conversion (UC) of the substantial sub-band-
gap component of the solar spectrum to shorter wave-
lengths may provide the basis for a commercial pho-
tovoltaic (PV) device that overcomes the theoretical
limiting efficiency of conventional single-junction solar
cells [1–5]. A simple UC-PV device would comprise a
standard single-junction solar cell with an additional UC
layer to modify the incident spectrum [6]. Lanthanide-
doped phosphors (e.g., NaYF4:Er
3+) have been the sub-
ject of intensive study for UC layers coupled to both
crystalline and amorphous Si solar cells [4, 7, 8]. Phos-
phors are typically low-phonon-energy hosts with suffi-
cient electrostatic site asymmetry at the location of the
rare earth ion to relax parity selection rules [9]. This
allows for long excited state lifetimes and strong lumi-
nescence in the visible and near-infrared spectral regions
when excited with near-infrared light. However, substan-
tial efficiency gains at reasonable concentration ratios—
particularly in c-Si cells—have yet to be reported for
phosphor-based devices, due in part to the weak and
narrow-band absorption of rare earth ions. Improve-
ment of the optical properties of common UC materials is
therefore the current challenge for UC-PV device design.
Most studies of UC optimization to date have focused
on the synthesis and characterization of Er3+-doped UC
phosphors for a wide variety of applications [3, 10–
15]. Other important investigations have considered co-
doping of Er3+ with other rare earth elements [16, 17]
or sensitizing of Er3+ absorption with local broad-band
absorbers, e.g., semiconductor nanocrystals [18–25]. Re-
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cently, the enhancement of UC efficiency by the plas-
monic modification of local electromagnetic fields has
attracted considerable attention [10, 26–29]. These ap-
proaches are promising: for example, Deng et al. re-
ported a nine-fold emission enhancement for NIR-to-
visible UC in NaYF4:Er
3+ nanoparticles coupled to noble
metal particles [27].
Building on such studies of photonic enhancement of
UC efficiency, we report here on the investigation of Si-
based photonic crystals (PCs) as an alternative means
of modifying electromagnetic fields in the vicinity of UC
species. One-dimensional photonic crystals are charac-
terized by a band of optical modes that are unable to
propagate within the crystal—a “photonic band gap”
(PBG)—due to the discrete translational invariance of
the structure as defined by its refractive index profile [30].
Near the edges of the PBG, in the transitional region be-
tween high transmission and total reflection, the velocity
of energy propagation through the crystal slows down sig-
nificantly [31]. The conservation of energy flux dictates
that the energy density in these slow modes must increase
in proportion to the relative decrease of the propagation
velocity [32].
While we have previously shown [33] that high field in-
tensity is apparent at the band edge of one-dimensional
photonic structures, the impact this would have on Er3+
absorption was implied but not directly demonstrated.
In this paper we theoretically assess the potential for en-
hanced coupling of incident light to Er3+ ions situated
within these PCs when the slow light band-edge mode
is designed to coincide with the intrinsic absorption of
Er3+. This is followed by a preliminary experimental
study of band-edge UC luminescence in an Er3+-doped
porous silicon (PSi:Er3+) PC.
2II. OPTICAL CHARACTERISTICS OF
MULTILAYER DIELECTRIC STACKS
It was already clear to Rayleigh [34, 35] 130 years ago
that the wave properties of light make perfect reflectance
possible in stratified dielectric media over all spectral
ranges due to interference phenomena. In a single thin
film, the phase shifts imparted on propagating waves at
dielectric interfaces may result in constructive and de-
structive interference; for repeating layers of alternating
thickness and refractive index, many interferences may
coherently interact to produce high reflectivity at certain
points in the spectrum. The condition by which com-
plete reflectivity is possible is the Bragg condition (for
first order diffraction):
λ = 2nd sin θ. (1)
For a single thin film with thickness d and refractive
index n, this condition produces a reflectivity peak at λ
but not perfect reflectivity. When a periodicity is en-
forced by alternating between two layers of thickness di
and refractive index ni such that
n1d1 = n2d2 = λ/4, (2)
peak reflectivity increases rapidly with the number of bi-
layers N and is given by [36]
R ≃
(
1− (ns/na)(n2/n1)
2N
1 + (ns/na)(n2/n1)2N
)2
(3)
where it is assumed that n2 > n1 and the substrate re-
fractive index ns is similar to that of the layers; na is the
refractive index of the ambient. While this reflectivity
is achieved for the design wavelength λc, for a sufficient
refractive index contrast n2/n1 a wide band of perfect re-
flectivity centered at λc may be observed. The spectral
width of the PBG is given by
∆λ
λc
=
4
pi
sin−1
n2 − n1
n2 + n1
. (4)
These multilayer dielectric reflectors are often called
distributed Bragg reflectors (DBRs) and have found wide
application; the optical properties of DBRs may be calcu-
lated by a transfer matrix method [37, 38]. Bragg reflec-
tors are fabricated for commercial and research purposes
from a range of materials, often by time-consuming epi-
taxial (or other vacuum) techniques [39]. DBRs based
on sputtered SiC layers have been suggested as selective
reflectors for photon management in UC-PV devices [40].
Porous silicon (PSi) presents an alternative to such
processes, affording the ability to rapidly fabricate high-
quality, high-contrast multilayer structures at room tem-
perature and atmospheric pressure [41–44]. In a PSi
DBR, the refractive index of the material is proportional
to the porosity, which may be periodically modulated by
adjusting the etching current during fabrication. This
results in a planar multilayer structure with refractive
index variation in one dimension [45]. Such structures
may be doped with Er3+ or other ionic species by elec-
troplating of the large internal surface [46]; this method
has been shown to result in Er3+ luminescence after an-
nealing in oxygen [41, 47, 48].
The optical properties of PSi:Er3+ DBRs may be sim-
ulated using effective medium approximations [49, 50] as
inputs to the transfer matrix method [37, 38] for a mul-
tilayer structure.
III. MODELING POROUS SILICON
MULTILAYER OPTICAL STRUCTURES
In order to study the optical absorption properties of
PSi multilayer structures, a series of seven DBRs was
simulated by the transfer matrix method. The DBRs
were designed with an increasing number of high- and
low-porosity bilayers with porosities fixed at PH=0.7 and
PL=0.5, respectively, to correspond to achievable experi-
mental conditions. For each DBR, the center wavelength
of the stop band λc was selected by trial-and-error so
that the short-wavelength transmission peak (i.e., the
photonic band edge) was located at 1550±0.5nm; while
this is not the maximum Er3+ absorption wavelength,
it is the wavelength of the laser used in the subsequent
experiment and is within the region of strong Er3+ ab-
sorption. A choice of λc fixes the layer thicknesses dH
and dL by the quarter-wavelength condition in Eq. 2.
Table I shows the design parameters for the simu-
lated DBRs: the number of bilayers N ranges from 10
to 100, so that the structure thickness increases by ap-
proximately ten times. To investigate the optical prop-
erties of an analogous material without a photonic stop
band, an eighth structure was simulated with eighty “bi-
layers” of a single porosity; it is therefore designated H80
in Table I. The porosity of this structure was taken to
be 0.6—the average of the porosities used in the DBRs—
and the layer thicknesses were designed so that negligible
reflectivity is obtained near 1550nm. The total thickness
of H80 is approximately equal to that of (HL)40.
The simulated normal-incidence reflectivity character-
istics of all structures included in Table I are shown in
Fig. 1. The 1550-nm point is indicated by the dashed red
vertical lines. It is immediately evident that increasing
the number of bilayers results in a sharper stop band edge
and an increased density of Fabry-Pe´rot fringes on either
side of the stop band. In contrast, the reflectivity spec-
trum of H80 shows that the structure behaves like a thick
film with no apparent photonic band gap, but with an
anti-reflection characteristic at approximately 1550nm.
A. Effective group refractive index calculation
The band structure of a PC may be expressed as a
dispersion relation between the frequency of the mode
3Table I. Design parameters of PSi DBRs with band edge at 1550 nm (normal incidence)
Structure PH PL λc(nm) dH(nm) dL(nm)
Total
thickness (µm)
(HL)10
0.7 0.5
1787 286.96 209.18 4.96
(HL)20 1724.5 276.81 201.7 9.57
(HL)30 1712.5 274.86 200.26 14.25
(HL)40 1708.5 274.21 199.78 18.96
(HL)50 1706.5 273.88 199.55 23.67
(HL)75 1705 273.64 199.37 35.48
(HL)100 1704 273.48 199.25 47.27
H 80 0.6 — 1721 234.04 — 18.72
Figure 1. Simulated reflectivity spectra corresponding to the DBR designs in Table I. The dashed red lines indicate the 1550-nm
point.
ω and its Bloch wave vector K [36, 51]. In a periodic
medium the Bloch wave vector may take any value taken
by the free-space wave vector
k =
2pi
λ
=
nω
c
(5)
but the two are not necessarily the same. The ω(K) of
a structure determines the phase and group velocity of
EM waves for a particular frequency and are respectively
given by
vp|ω =
ω
K
;
vg|ω =
dω
dK
. (6)
The phase velocity describes the average motion of a sin-
gle point on an EM wave front, while the group velocity
may be thought of as tracking the propagation of the en-
ergy carried by the wave. In homogeneous bulk material,
the two are identical and are described by a single in-
dex of refraction; within periodic materials, this identity
does not necessarily hold. This suggests the definition of
“effective” indices of refraction that refer to wave propa-
gation in periodic material:
np,eff =
c
vp
;
ng,eff =
c
vg
. (7)
The photonic density of states (DOS) is defined as
ργ(ω) =
dk
dω
; (8)
given that this is simply the reciprocal of Eq. 6, it is
apparent that
ng,eff = c× ργ . (9)
As shown by Bendickson et al. [52], the photonic DOS
may be calculated for an arbitrary, finite multilayer stack
utilizing output from a transfer-matrix model. The trans-
mission coefficient t is a complex number that may be
expressed as x+ iy. Letting x′ = dx/dω and y′ = dy/dω,
ργ may be found:
ργ(ω) =
1
D
y′x− x′y
x2 + y2
, (10)
where D is the total thickness of the structure. This
expression is true for either s or p polarization. The pho-
tonic DOS was calculated for a 40-bilayer structure with
4layer porosities 0.7 and 0.5 and thicknesses 283.22nm
and 206.43nm, respectively, to give a photonic band gap
center wavelength of 1764nm at normal incidence. This
was done for both polarizations for a varying angle of
incidence; the results are shown in terms of the effective
group index in Fig. 2.
Figure 2. Variation of the effective group index ng,eff with
incident wavelength and angle for both electromagnetic po-
larizations in a 40-bilayer structure.
The figure illustrates the strong dependence of the pho-
tonic properties of the structure on the incident angle.
Both regions of low group velocity/high ng,eff are shown
to shift toward shorter wavelengths as the incident an-
gle increases. However, the characteristic is distinct for
the two polarizations due to the one-dimensional discrete
translational symmetry of the structure. In effect, as the
incident angle changes, the electric and magnetic fields
must satisfy different boundary conditions for the two
polarizations, whereas for normal incidence the two po-
larizations are indistinct. The features in the s-polarized
characteristic are shown to shift more drastically than
those in the p-polarized curve as the angle changes; in
addition, the peak value of ng,eff for s-polarized light
slightly increases for a steeper angle, while the maximum
value for p-polarized light shows a marked decrease.
B. Indirect calculation of potential absorption
enhancement
The simulations above demonstrate that an enhanced
DOS arises within periodic structures due to the sup-
pression of the group velocity of electromagnetic wave
propagation. In order to examine the impact of these
modes on real Er3+ absorption, calculations were car-
ried out employing a Gaussian approximation to the
NaYF4:Er
3+ 4I15/2→
4I13/2 absorption coefficient as deter-
mined by Shalav [53]; the real and approximated spectra
are shown in Fig. 3. The Gaussian is given for wavelength
λ by
αEr3+(λ) = αEr3+,0 exp
[
−
(
λ− λ0
W
)2]
(11)
where λ0 is the central (peak) wavelength, αEr3+,0 =
αEr3+(λ0) and W is the standard deviation from λ0.
The Gaussian curve shown here has αEr3+,0=3.4 cm
−1,
λ0=1518nm and W=30nm
1.
Figure 3. Gaussian fit (dashed line) of measured NaYF4:Er
3+
4I15/2→
4I13/2 absorption coefficient (solid line) for simulation
of absorption enhancement within multilayer structure. Mea-
sured data were taken from [53].
This approximation allows for the simulation of a
PSi:Er3+ material by the transfer matrix method as sug-
gested by Bisson and Ueda [55]. A long-wavelength imag-
inary component κEr3+ may be added to the Bruggeman
complex index of refraction of PSi:
n˜PSi:Er3+(λ) = n˜PSi(λ, P ) + iPκEr3+(λ)
= n˜PSi(λ, P ) + iP
λα(λ)
4pi
. (12)
The prefactor P on κEr3+ implies that the total absorp-
tion in Er3+ is linearly proportional to the porosity of
the layer in which it is deposited. This dependence is
positive since for a greater porosity a greater Er3+ con-
centration is possible in principle (due to the increasing
specific surface area).
Based on these assumptions, the Er3+ absorption in
an arbitrary multilayer PSi:Er3+ stack may be estimated
1 Because microcrystalline NaYF4:Er3+ demonstrates diffuse scat-
tering, the Kubelka-Munk theory has been employed else-
where [54] to give a peak α of almost 6 cm−1 for these phosphors.
Since the purpose of this analysis is to calculate enhancement for
an arbitrary UC material embedded in a photonic crystal, an ex-
act α is not necessary.
5Figure 4. Refractive index profile of (HL)10 for λ=1550 nm,
showing the real (solid black line) and imaginary (dashed grey
line) components. The imaginary axis has been scaled up by a
factor of 105. The zero-depth point corresponds to the PSi/air
interface; the PSi/bulk Si interface is shown.
by a transfer matrix calculation of the reflectance R(λ)
and transmittance T (λ) for the stack as described above;
the absorption is then given by
A(λ) = 1− R(λ)− T (λ). (13)
In order to examine the impact of exciting Er3+ ions
within band-edge modes of PSi DBRs, the eight multi-
layer structures from Table I were again simulated by the
transfer matrix approach, but modified as described here
for the case of Er3+ doping.
Figure 4 shows the refractive index profile of struc-
ture (HL)10 for λ=1550nm, demonstrating periodicity
of the real (solid black line) and imaginary (dashed grey
line) parts of n˜PSi:Er3+ . Because Si itself is not absorbing
at this wavelength, a finite κPSi:Er3+ is due entirely to
Er3+ and is positively correlated with P , in contrast to
nPSi:Er3+ as shown. Note that the imaginary index has
been magnified by a factor of 105. The real part of the
refractive index of Er3+ is presumed to have negligible
impact on the optical characteristics of the structure.
Figure 5 presents the results of the absorption calcula-
tion for all structures for the spectral range between 1450
and 1650nm. The strengthening of the photonic proper-
ties of the structure has an obvious impact on the Er3+
absorption: although the reflectivity of the structure is
effectively zero at 1550nm in all cases, absorption is seen
to dramatically increase at all wavelengths in this range
outside the photonic band gap as the number of bilayers
increases, consistent with the apparent increase in ng,eff
far from the band edge for (HL)40 as shown in Fig. 2. The
lobe-like features that owe to higher-order enhancement
peaks are clearly “imprinted” upon the absorption spec-
tra, except in the N=10 and H80 cases, which approx-
imate the “bulk” scenario. To clarify the enhancement
in absorption as a function of the photonic structure,
the average and peak absorption over the 1450–1650-nm
spectral region are plotted against the number of bilayers
in Fig. 6. The corresponding values for H80 are plotted
for comparison as horizontal dashed lines.
The figures show that both the average and the peak
absorption increase with an increasing number of bilayers
in both the broad- and narrow-band cases. The peak
absorption is similar in both cases because the narrow
band of Fig. 6(b) was chosen to coincide with the band-
edge absorption peak. Both results show that both the
average and peak absorption in the periodic structure are
enhanced over the quasi-bulk H 80 case when the number
of bilayers exceeds 20, although the (HL)20 structure is
only half as thick as H 80.
Structure thickness is expected to play an important
role in total absorption, since a thicker structure contains
a greater volume of Er3+. Because the total thickness in-
creases by an order of magnitude over the range of struc-
tures examined here, an “effective absorption coefficient”
αeff was calculated for each structure by the expression
αeff =
ln (1−A′)
D
, (14)
where A′ is the average absorption and D is the structure
thickness in each case. The results are shown in Fig. 7;
they illustrate that the absorption enhancement over the
bulk case is not merely due to the increased volume of
Er3+ contained in thicker structures. As demonstrated
in Fig. 7(a), the average broad-band (i.e., 1450–1650-
nm) response is enhanced in all cases, ranging from a
41.1% increase over theH80 result for (HL)10 to a 122.9%
improvement in the case of 100 bilayers. The case for
a bulk phosphor (not contained within a porous struc-
ture) is also shown; as expected, its absorption is higher
than that of H80, but photonic structures with N ≥ 20
still fare better than bulk material. The narrow-band re-
sults in Fig. 7(b) display more significant enhancement
in the immediate vicinity of the band edge, particularly
for medium-thickness structures (N=30–50). However,
these high enhancements have an increasingly marginal
impact on the overall absorption because of the vanish-
ing width of the enhancement peaks, as demonstrated in
Fig. 5 above.
C. Ideal positioning of the photonic band gap
The results above clearly demonstrate the fundamen-
tal utility of a slow-light structure: for the chosen ma-
terial properties, it is possible for the effective absorp-
tion in an optical material to exceed that of the ordi-
nary bulk case even when the slow-light behavior is weak
(e.g., for N=20). Importantly, this enhancement is a
broad-band effect although it is particularly strong near
the photonic band edge. As such the total broad-band
absorption enhancement is related to both the absorp-
tion spectral lineshape of the absorbing medium and the
6Figure 5. Indirectly-calculated absorption in all structures from Table I (plotted on a logarithmic scale) for simulated Er3+
profile. Bulk-like absorption is shown for the N=10 and H 80 structures, with the strongly periodic structures showing modified,
enhanced absorption spectra outside the photonic band gap (i.e., λ <1550 nm).
Figure 6. Average (black symbols, left axis) and peak (grey symbols, right axis) absorption as a function of the number of
high- and low-porosity bilayers in the DBR. Horizontal dashed lines show results for the undifferentiated H 80 structure. Fine
dotted lines are guides to the eye. (a) Results for the entire band between 1450 and 1650 nm. (b) Results for narrow band
around 1550 nm.
spectrally-resolved effective group index of the photonic
crystal, i.e., the position of the photonic band gap.
Figures 8–10 illustrate the simulated interaction be-
tween the photonic properties of the 40-bilayer DBR used
for DOS calculations above (Fig. 2) and the Er3+ itself.
In Fig. 8, the position of the photonic band edge is ef-
fectively varied by changing the angle of incidence for s-
polarized light. As shown in Fig. 2 above, as the incident
angle deviates from normal incidence, the spectral fea-
tures of the PC shift toward shorter wavelengths. Vary-
ing the incident angle as opposed to the structural or ma-
terial properties of the DBR simplifies the assessment of
optical properties both in simulation and in experiment.
Figure 8 reiterates the correspondence between the re-
flection and transmission characteristics of the structure
as the incident angle varies. In addition, it demonstrates
that the absorption spectrum of the DBR—essentially
a modified and enhanced Er3+ absorption spectrum—
changes considerably over this range. Peak absorption is
seen to exceed 10% for an angle of 32.5◦, at which the
photonic band edge is positioned near the intrinsic Er3+
absorption peak (see Fig. 3).
A similar result is seen for p-polarized light in Fig. 9.
However, over this range of incident angles the photonic
band edge does not approach the intrinsic Er3+ absorp-
tion peak (∼1518nm) and the peak absorption is there-
fore maintained below 5%.
A more useful measure of the absorption enhancement
in the broad-band case is the cumulative absorption over
this spectral range, found by integrating the area under
7Figure 7. Effective absorption coefficient (Eq. 14) as a function of the number of DBR bilayers. Wide horizontal dashes indicate
the result for a bulk phosphor and narrow dashes correspond to the undifferentiated H80 case. Fine dotted lines are guides to
the eye. (a) Broad-band results. (b) Narrow-band results.
Figure 8. Simulated angular dependence of the (a) reflection, (b) transmission and (c) absorption spectra for an Er3+-doped
40-bilayer structure for s-polarized light.
the absorption curve for both polarizations. The result
is shown in Fig. 10 for a finer spacing of angles than is
shown in Figs. 8 and 9. For s-polarized light, the results
clearly show that maximum absorption over this spec-
tral region does not necessarily correspond to the coinci-
dence of the band-edge field enhancement peak and the
intrinsic Er3+ absorption peak. When the band edge is
positioned within the long-wavelength “tail” of the in-
trinsic Er3+ absorption spectrum, the entire absorption
spectrum may contribute to the cumulative absorption
over this spectral region. When the photonic band edge
is pushed to shorter wavelengths to coincide with the
intrinsic Er3+ absorption peak, absorption in the long-
wavelength Er3+ tail is suppressed by the photonic band
gap and the cumulative absorption plummets.
For p-polarized light, the situation is not as clear since
the photonic band edge does not demonstrate a blue
shift as drastic as that seen for s polarization. However,
the characteristic appears to roll off between 32.5◦and
35◦, implying again that a maximum cumulative absorp-
tion is reached when the band edge peak is at a longer
wavelength than the intrinsic Er3+ absorption peak at
1518nm.
It bears noting that it is possible to excite optical
oscillators within slow light modes on either side of
the fundamental DBR photonic band gap. The simu-
lations presented above have only examined the short-
wavelength/high-frequency band edge modes. In rela-
tive terms, these modes confine themselves to regions of
low refractive index, which are presumed to contain to
higher concentrations of Er3+ in our structures. More-
over, the presence of the photonic stop band at wave-
8Figure 9. Simulated angular dependence of the (a) reflection, (b) transmission and (c) absorption spectra for an Er3+-doped
40-bilayer structure for p-polarized light.
Figure 10. Simulated broad-band cumulative absorption in
an Er3+-doped 40-bilayer structure for both polarizations as
a function of the angle of incidence.
lengths slightly longer than the region of enhanced ab-
sorption may present the additional benefit of suppress-
ing radiative emission from the first excited state. The
peak emission wavelength is expected to be red-shifted
from the peak absorption wavelength by an amount given
by the McCumber relation [55]; the presence of a pho-
tonic stop band may inhibit this emission while simulta-
neously enhancing absorption. In contrast, a stop band
at a shorter wavelength than the absorption peak is likely
to compete with Er3+ absorption.
IV. PROTOYPING OF ERBIUM-DOPED
POROUS SILICON SLOW-LIGHT STRUCTURES
The previous section demonstrated that a substantial
increase in the Er3+ absorption coefficient—in excess of
the bulk value—may be produced in periodic slow-light
structures. Detailed balance analysis invoking realistic
Er3+ and solar cell parameters has been used by the
present authors [56] to illustrate the relationship between
optical absorption within the UC layer and UC-PV de-
vice efficiency. That analysis emphasizes that very strong
absorption—i.e., either a high absorption coefficient or a
very thick UC layer—is needed to produce an efficiency
increase over the single-junction limit in a c-Si-based UC-
PV device.
Figure 11 demonstrates the one-sun limiting efficiency
of a realistic c-Si solar cell coupled to a generalized Er3+-
like UC layer [56]. The limiting efficiency of the device
is shown as a function of the average absorption in the
UC layer. The zero-absorption point corresponds to the
single-junction limit for the generalized non-ideal c-Si so-
lar cell (25.95%). The solid line indicates the efficiency
of a UC-PV device based on the “intrinsic” absorption
bandwidth of the 4I15/2→
4I13/2 Er
3+ transition, taken to
be 1450–1650nm. This trend shows that only a slight
increase in device performance (∼ 2%) is achievable even
for total absorption over this spectral band. When a
sensitizing element is added to “downshift” photon en-
ergy from 1180–1450nm into the Er3+ absorption re-
gion [57, 58], the absolute efficiency gain approaches 4%
for full absorption.
Unfortunately, based on this model the average ab-
sorption across this spectral region is very small for the
Er3+-doped DBR, less than 1% regardless of the pres-
ence of a photonic structure. The peak absorption may
be much higher, approaching 30% near 1550nm for nor-
mal incidence for 100 bilayers.
For these reasons, the proposed slow-light structure
alone is not expected to serve as a sufficient basis for
viable c-Si UC-PV, despite its apparently strong broad-
band performance. However, it may demonstrate useful
narrow-band absorption enhancement behavior that al-
lows it to serve as a central component of a high-efficiency
UC layer. Such a structure also serves as a useful pro-
totype for studying the slow-light enhancement of UC
luminescence. Luminescent PSi:Er3+ was therefore used
9Figure 11. Detailed balance limiting efficiency for a realistic c-
Si solar cell coupled to an Er3+-like UC layer [56] as a function
of absorption in the UC layer with (dashed line) and without
(solid line) a downshifting sensitizer.
to fabricate a prototype slow light structure.
A. Temperature and doping-induced degradation
of photonic structures
The design of an Er3+-doped PSi DBR structure
with specified optical characteristics is complicated by
the required high-temperature oxidation and densifica-
tion annealing steps required to activate the Er3+ ions
present [59, 60]. While the alteration of the chemical
environment of the Er3+ ions within the structure is ul-
timately desirable, oxidation of PSi results in a lowering
of its refractive index; heating simultaneously induces
structural changes. Both of these effects must be an-
ticipated in the initial design of the multilayer structure,
implying that the processes must be to some extent pre-
dictable. The alteration of PSi DBR optical characteris-
tics as a function of oxidation has been previously exam-
ined [41, 61]; the reduction in the refractive index with
oxidation time and temperature produces a blue shift in
the DBR center wavelength. Figure 12 demonstrates the
shift in the calculated optical properties of a PSi DBR
as the extent of oxidation increases from 0 to 100%. In
accordance with Eq. 4, the the photonic stop band nar-
rows as the refractive index contrast in the structure is
decreased.
The simple progression shown in Fig. 12 is not seen for
very thick Er3+-doped structures annealed at 1100◦C,
however. In those cases the structural changes induced
by the doping and high-temperature steps result in dam-
age to the skeleton, layer densification, sintering [62] and
interface roughening [61] in addition to the expected vari-
Figure 12. Calculated shift in the photonic stop band of a
40-bilayer PSi DBR (with layer porosities 0.6 and 0.5 and
thicknesses 245 nm and 210.74 nm, respectively) as the extent
of oxidation increases from 0 to 100%.
Figure 13. Evolution of the visible-wavelength reflectivity
spectrum of a 20-bilayer Er3+-doped PSi DBR with annealing
temperature. Samples were annealed for 30min in air at the
temperatures indicated; the sample labelled “n/a” is as-doped
without annealing. A temperature-dependent blue shift of the
high-reflectivity band is apparent due to the reduction of the
refractive index of the PSi skeleton by oxidation. In addition,
substantial degradation of the photonic properties is evident,
indicating that annealing also imparts significant structural
incoherence.
ation due to oxidation. Figure 13 shows a case of dras-
tic degradation of a photonic structure as the extent of
oxidation increases. The 20-bilayer DBR was prepared
by etching a 500-µm-thick 〈1 0 0〉 p-type (B-doped) c-Si
wafer with a nominal resistivity of 60–70mΩ-cm. Etching
was carried out at room temperature in 25% HF solution.
Etching currents of 21mA and 90mA were selected to
give layer porosities of 0.5 and 0.7, respectively. Etch-
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ing times were 4.630 s and 1.497 s, respectively, for layer
thicknesses of 76.724nm and 108.67nm. This DBR was
designed to produce a reflectivity band at visible wave-
lengths, as is shown in Fig. 13. The DBR was elec-
trochemically doped for 60min at 200µA, then cleaned
by the RCA-3/SC-2 process [63]. Figure 13 shows the
visible-wavelength normal-incidence reflectivity profiles
for sections of the DBR annealed in air for 30min at
various temperatures (650, 750, 850 and 900◦C) along
with that of an unannealed portion. The unannealed
portion demonstrates an incomplete reflectivity charac-
teristic, indicating some disorder and imperfections are
present prior to annealing. It is apparent that along with
a blue shift of the reflectivity peak, the photonic structure
is almost completely degraded by oxidation and struc-
tural modification as a result of the high-temperature
step. In particular, the degradation is characterized by
a lowering of the peak reflectivity; the reflectivity band
edges resultantly become less steep. It was found that the
three-part Bruggeman model of structure oxidation can-
not be used to account for the demonstrated alteration
of the photonic structure.
As shown in [33], the magnitude of the slow-light en-
hancement is to some extent proportional to the “steep-
ness” of the photonic band edge; the degradation of the
stop band due to high-temperature structural modifica-
tion clearly presents a barrier to the use of this type of
structure as a photonic crystal. All real photonic crys-
tals are subject to disorder to a certain extent due to
variations in fabrication. Disorder in periodic structures
intuitively introduces the potential for broadening of in-
terference features, undermining the intended operation
of the structure, e.g., optical confinement or other reso-
nant behavior [64–66].
B. Fabrication and optical characterization
Attempts to fabricate a high-quality luminescent
PSi:Er3+ DBR with a band-edge mode near 1550nm (us-
ing techniques similar to those described elsewhere [48])
illustrated a fundamental tradeoff of the PSi:Er3+ sys-
tem. Although the structures appeared highly uniform
and strongly reflecting prior to annealing, the high-
temperature steps required for luminescence destroyed
the samples or degraded their optical properties in an
unpredictable fashion. Restricting annealing to low tem-
peratures to avoid significant structural modification re-
sulted in immeasurable Er3+ luminescence.
Figure 14 shows the near-infrared reflectivity of the
best prototype structure fabricated for this work. The
30-bilayer PSi:Er3+ DBR (“DBR42N”) was measured
for p-polarization at an incident angle of 27◦ relative
to normal incidence. An intermediate number of bilay-
ers was chosen to take advantage of a substantial pre-
dicted absorption enhancement [33] while also promoting
structural stability throughout the fabrication process.
Sample reflectivity was measured with the Perkin-Elmer
Figure 14. Near-infrared p-polarized specular reflectivity
spectrum of DBR42N, a 30-bilayer PSi:Er3+ DBR, for an in-
cident angle of 27◦.
Lambda 1050 UV/Vis/NIR spectrophotometer; the Uni-
versal Reflectance Accessory add-on was used to allow
variation of the angle of incidence and detection, provid-
ing specular reflectance information for angles between
21◦ and 38◦ as shown in Fig. 17. The instrument features
a tungsten-halogen lamp and a Peltier-cooled InGaAs de-
tector for the NIR spectrum. The spectral resolution in
the NIR is 0.2 nm and is calibrated to a nominal wave-
length accuracy of ±0.300nm. The beam is internally
depolarized but a polarizing beamsplitter cube was in-
serted in the beam path to enforce p-polarization at the
sample.
DBR42N was etched from a 1.5–2-mΩ-cm p-type (B-
doped) 〈1 0 0〉 Si wafer at room temperature in a 25%
HF solution. Etching currents of 5.6mA and 99.75mA
were selected to produce layers of 50% and 70% porosity,
respectively. Layer etching times were 58.878 s and 9.4 s
with two 3-s breaks per layer to promote layer unifor-
mity and structural integrity. These etching times were
chosen empirically by trial-and-error with the intent of
fabricating a DBR with a short-wavelength band edge
near 1550nm after doping and annealing.
The cross-sectional SEM image of the pre-annealed
structure in Fig. 15 shows a high-porosity layer thickness
of approximately 415nm and a low-porosity layer thick-
ness of approximately 300nm. Simulation of such a struc-
ture gives a photonic band gap centered near 2600nm.
While it was not feasible to measure the reflectance of
this structure at long wavelengths before annealing, the
NIR spectrum (shown in Fig. 16) contains a second-order
reflectivity band centered at 1250nm. This indicates the
presence of a fundamental band gap centered at 2500nm,
although the presence of a second-order peak also implies
imperfect periodicity of the structure [67]. Substantial in-
homogeneity is also apparent in layers near the surface.
After etching, DBR42N was electrochemically doped
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Figure 15. Secondary-electron cross-sectional SEM images of
DBR42N before annealing, showing regular variation of the
periodic index.
Figure 16. Second-order reflectivity peak of DBR42N when
measured at normal incidence prior to annealing, indicating
layer thickness mismatch and a first-order peak centered at
approximately 2500 nm.
with Er3+ for 60min at 200µA and annealed in flowing
N2 (16mL/min) for 30min at 1100
◦C. The subsequent
observation of luminescence from this sample indicates
that a considerable amount of oxygen remains in the sys-
tem despite the lack of flowing oxygen during annealing.
In contrast to the DBR spectra in, e.g., Fig. 13, the
measured spectrum of DBR42N in Fig. 14 demonstrates
suppressed interference fringes in the high-transmission
region at wavelengths below the photonic band gap. In
addition to the reduction in periodicity mentioned above,
this is a result of performing the reflectivity measurement
over a large sample area (4×4mm2). While this ensures
a high signal-to-noise ratio, the spot contains a consider-
able amount of lateral sample inhomogeneity, “blurring”
out the interference fringes and producing a bulk-like re-
flectivity profile with some remnant interference features.
Despite the degraded structural quality of the DBR,
Figure 17. (Color online.) Overlayed specular p-polarized
reflectivity spectra of DBR42N with angle of incidence and
detection varying from 21◦ to 37◦ (in steps of 4◦ for clarity);
a monotonic blueshift in the short-wavelength band edge is
evident with increasing angle. The vertical line denotes the
excitation laser wavelength (1550 nm).
its periodicity is still sufficient to produce a strongly-
reflecting region beyond 1550nm.
C. Angular-dependent photoluminescence
measurement
As illustrated in Fig. 9 above, as the angle of incident
light deviates from normal incidence (0◦), the features of
the DBR reflectivity spectrum are expected to shift to
shorter wavelengths. Figure 17 demonstrates this blue
shift for DBR42N for incident angles ranging from 21◦ to
37◦.
Over this range of incident angles, the short-
wavelength edge of the photonic stop band is shown to
traverse the 1550-nm point, indicated by the vertical red
line in Fig. 17. It is not substantially altered otherwise
(in contrast to the long-wavelength edge). This property
suggests that any absorption enhancement effects related
to the position of the stop band edge may be examined
by minor variations in the angle of excitation, effectively
simulating a range of DBR structures with a slightly
different band edge position. This approach avoids the
requirement of strict repeatability and controllability of
structural parameters, which—as demonstrated above—
is frustrated by non-uniformity induced by doping and
annealing.
As shown in Fig. 18, room-temperature angle-
dependent PL spectra were collected normal to the DBR
through a 4-f correlator telescope optical arrangement
with the OceanOptics USB2000+ miniature spectrome-
ter. The excitation source was the IPG Photonics Er
fiber laser (200mW, λex=1550nm) mounted on a rota-
tion arm and focused with a one-inch lens with a focal
length of 12.5 cm. The rotation of the arm was fixed to
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Figure 18. (Color online.) Experimental setup to achieve
angular-dependent up-conversion photoluminescence mea-
surement of DBR42N. The rotation arm sweeps out a range of
angles with respect to the sample surface; UC-PL is collected
normal to the sample.
Figure 19. DBR42N UC-PL spectra for various angles of in-
cidence corresponding to the reflectivity profiles in Fig. 17.
Note the short-wavelength peaks have been scaled by 25×.
a goniometer beneath the sample and its axis was held
coplanar with the sample surface. Thus as the arm swept
through the range of incident angles, the laser spot was
fixed at a single point on the sample surface. The fiber
was rotated to produce p-polarized excitation.
Room-temperature photoluminescence was measured
for an incident angle varying in steps of 1◦ for five spots
on the sample separated by approximately 0.5mm. PL
spectra corresponding to the incident angles shown in
Fig. 17 for a single spot are overlayed for comparison in
Fig. 19. Each spectrum represents the average of five
2.5-s acquisitions and has been corrected for background
noise. All spectra demonstrate clear features owing to
UC processes in Er3+; no other strong spectral features
are apparent. Notable variation in PL intensity for all
peaks is observed over this range of incident angles for
this spot.
In order to assess this variation in luminescence as
a function of the incident angle for all measured spots,
the areas under the major peaks of the Er3+ spectrum
Figure 20. (Color online.) Average PL intensity enhancement
for major Er3+ UC transitions as a function of incident angle
in DBR42N. The dotted lines are guides to the eye.
(labelled “550nm”, “660nm”, “810nm” and “980nm”)
were calculated and averaged across all spots. These in-
tensities are then plotted together in Fig. 20 as a func-
tion of incident angle and normalized for each peak in-
tensity at the angle at which it is weakest. This provides
a clear demonstration of luminescence enhancement for
each Er3+ transition with varying angle, i.e., with vary-
ing position of the photonic band edge. A global maxi-
mum is found for all transitions at 34◦, with a secondary
enhancement maximum apparent at 26◦.
D. Discussion
As the incident angle changes and the position of the
photonic stop band edge shifts with respect to the laser
line, the PL intensity from each major Er3+ transition
shows clear non-monatonic behavior that may be at-
tributable to enhanced absorption due to photonic crys-
tal band edge effects. In the absence of such effects, the
PL trend would be determined by (1) the slight decrease
in incident power density associated with an increased
angle and (2) the ability of the incident field to pene-
trate the DBR as described by the reflectivity spectrum
at each angle. Assuming a reasonable depth of focus,
the spot size increases by 1.4× between angles of 21◦
and 38◦ with the incident power density decreasing pro-
portionally. The impact of (1) is clearly negligible when
compared to the large variation (up to 26.6×) in PL in-
tensity.
Assessing the impact of (2) is straightforward. Fig-
ure 21(a) shows the reflection from the DBR at 1550nm
(i.e., the crossing points of the red line in Fig. 17 with
the various reflectivity spectra). In a typical bulk case,
PL intensity would peak for maximum transmission into
the material. In DBR42N this condition is obtained at
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small angles, near ordinary dispersion conditions, and
decreases as the photonic band gap is approached. How-
ever, despite the increase in reflection, a clear enhance-
ment peak is evident for all transitions for angles near
34◦, where the incoupling is limited to 27%. The implica-
tion is that the effect of pumping Er3+ at certain points
near a photonic band edge strongly mitigates the low
incoupling efficiency of the DBR. Moreover, it is note-
worthy that the two PL enhancement peaks seen near
26◦ and 34◦ correspond to small inflection points in the
reflection/transmission behavior.
This behavior is consistent with the simulated absorp-
tion trend as given in Fig. 9 above. Figure 21(b)—
showing data selected from Fig. 9—presents the reflec-
tion (black line) and Er3+ absorption enhancement (grey
line) calculated at 1550nm for a 40-bilayer structure as
a function of the incident angle. In this simulation the
photonic band edge traverses the 1550nm point as the in-
cident angle ranges from 0◦ to 32.5◦. Here the absorption
enhancement is taken as the calculated absorption nor-
malized to the weakest absorption over this range (e.g.,
at 34◦). The experimental result in Fig. 21(a) appears
to demonstrate a similar correspondence between PL en-
hancement and reflectivity. While the reflectivity “dips”
shown in Fig. 21(a) are considerably shallower than those
of the simulated case, it bears reiterating that the re-
flectivity profile shown for DBR42N is a convolution of
reflectivity characteristics over a large area. Variations
within the plane of the sample may have the effect of
smoothing out any sharp reflectivity features. Such vari-
ation is not sampled under laser excitation, which occurs
at a tightly-focused spot. The ability to simultaneously
measure broad-band reflectance and photoluminescence
would clarify the relationship between narrow resonances
and PL enhancement.
An additional obvious feature of the results of Fig. 20
is the variation of the measured peak enhancement fac-
tor between the transitions. While the angular depen-
dence of the demonstrated enhancement is consistent for
all transitions, the 550-nm transition shows an enhance-
ment of more than 26× and the remaining lower-energy
transitions show enhancements between 5× and 10×. It
is important to reiterate that UC luminescence from the
550- and 660-nm levels may be excited by a minimum of
three 1550-nm photons. In principle, the enhancement of
Er3+ absorption via the 4I15/2→
4I13/2 transition—as pos-
tulated for an Er3+-doped slow light structure—should
affect the efficiency of all transitions of the same photon
number equally. A disparity might therefore be expected
between the result for two- and three-photon transitions.
However, the enhancement of 550-nm luminescence at
34◦ is much larger than the 660-nm enhancement.
The power-dependent UC-PL results shown in Fig. 22
indicate that the luminescence of an Er3+-doped PSi
sample similar to the DBR used in this study is saturated
for the 4I11/2→
4I15/2 (980-nm) transition and approaching
saturation for all other transitions. The 550-nm transi-
tion appears to be farthest from saturation conditions
at the high incident powers used here, followed by the
660- and 810-nm transitions. The disparities between
the magnitudes of the UC luminescence enhancements
for the various transitions may reflect the distinct sat-
uration conditions to which the transitions are subject.
Further investigation is needed to clarify the source of
this phenomenon.
V. SUMMARY AND CONCLUSIONS
A. Theoretical results
Transfer-matrix-based simulations were carried out to
illustrate that a high photonic DOS—due to low group
velocities at particular wavelengths—may be observed
within PSi DBRs, even those with an experimentally-
feasible number of layers. It was suggested that such
enhancement may provide a route to enhancing absorp-
tion in UC materials if the field enhancement is made
to coincide with the excitation transition wavelength of
Er3+. This phenomenon was modelled using an approxi-
mation to an experimental Er3+ absorption lineshape (in
NaYF4:Er
3+). It was shown that in the vicinity of the
Er3+ absorption peak the average effective absorption co-
efficient of an Er3+-doped DBR may exceed that of a bulk
phosphor: αeff may increase by more than 22% over a
broad spectral region (1450–1650nm, Fig. 7(a)) and by
more than 400% over a narrow region (1548–1552nm,
Fig. 7(b)).
The enhancement of UC luminescence itself—and
therefore of solar cell efficiency enhancement—is depen-
dent on UC dynamics and internal quantum efficiency
and has not been taken into account here. As shown in
Fig. 11, detailed balance calculations demonstrate that
enhanced Er3+ absorption may lead to increased solar
cell efficiency; the required enhancement is drastic, how-
ever, even for a UC layer that demonstrates perfect in-
ternal quantum efficiency. For realistic, inefficient UC,
absorption enhancement helps to mitigate poor internal
quantum efficiency. A full examination of the impact of
localized field enhancement on the quantum efficiency of
UC dipole oscillators may be found in, e.g., [29].
B. Experimental results
The experimental component of this work proposed
and assessed a straightforward method for examining
slow-light enhancement of optical absorption and up-
conversion in real structures. Erbium-doped porous sili-
con DBRs were taken as prototype one-dimensional pho-
tonic crystals for this purpose, and were fabricated and
characterized using an angular-dependent photolumines-
cence measurement. Novel microfabrication techniques
have previously allowed the realization of useful struc-
tures for related investigations [68–70]; however, while
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Figure 21. (Color online.) Relationship between reflectivity and absorption/UC enhancement for real and simulated DBRs:
(a) Enhancement trend for the 550-nm transition (green) in DBR42N against the reflectivity (grey) as measured at the laser
wavelength (1550 nm) for each angle. (b) Calculated Er3+ absorption (black) and reflection (grey) for 1550 nm in the structure
given in Fig. 9. The lines in both plots are guides to the eye.
Figure 22. Power-dependent UC-PL results for a single
thick PSi:Er3+ film with similar preparation conditions to
DBR42N. The excitation wavelength was 1550 nm; the dotted
lines are exponential fits to the measured data (R2 ≥ 0.997).
The 980-nm (4I11/2→
4I9/2) peak demonstrates a sub-linear de-
pendence (∝ P 0.62) indicating saturation. The higher-energy
peaks show dependencies slightly above linearity: the 810-nm
peak demonstrates a P 1.154 dependence, while the 660-nm
peak increases with P 1.257 and the 550-nm peak with P 1.373.
these studies allude to slow light band edge emission en-
hancement, it was not directly examined or observed.
The overwhelming challenge with the approach used
here was found to be the predictability and repeatabil-
ity of fabrication; electrochemical doping and requisite
high-temperature annealing drastically and anisotropi-
cally modify the material in a manner that degrades the
optical quality of the structure. Although it was pos-
sible to produce high-quality PSi DBRs in the wave-
length range of interest, it was not generally possible
to dope them with Er3+ and subject them to the high-
temperature step without degrading or destroying the
DBR.
A structure was fabricated that demonstrated optical
characteristics of moderate quality with a photonic band
edge near 1550nm (DBR42N). The dependence of the op-
tical properties of DBRs on the angle of incidence allows
the examination of particular wavelength-dependent phe-
nomena merely by varying the angle of excitation. Photo-
luminescence measurements were carried out at a variety
of incident angles, effectively studying the relationship
between the position of the photonic band edge—where
slow-light modes are expected to prevail—and absorption
in Er3+ ions present within the DBR.
For this structure, non-monotonic enhancement was
demonstrated as the incident angle varied between 21◦
and 38◦, an angular range over which the photonic band
edge traversebd 1550nm (the wavelength of our Er3+
fiber laser). The variation in UC photoluminescence in-
tensity over this range was found to peak near 26◦ and
34◦. At both of these angles, the 1550nm point was co-
incident with the band edge. Weak enhancement was
noted at intermediate angles, which also coincided with
points along the band edge. At 34◦, the intensity of
the 550-nm peak was found to increase by approximately
26.6× in comparison to the weakest PL intensity across
the range of measured angles. The enhancement was
between 5× and 10× for the other Er3+ peaks at this
angle. The source of the disparity between the mag-
nitude of enhancement for the various Er3+ transitions
noted in this experiment is unclear, but the result possi-
bly indicates saturation of the transition efficiencies. The
suggestion that the luminescence may be saturating at
low efficiency—showing weak luminescence at high inci-
dent power—is evidence that substantial optimization of
15
Er3+-doped PSi is necessary for it to be proposed as a
relevant Si-based optoelectronic material.
Assessment of the relationship between the fine pho-
tonic features of the DBR and the luminescence variation
observed in the experiment was hindered by the in-plane
non-uniformity of the sample, which “smear out” the ex-
pected interference fringes. The results appear to be con-
sistent with the angular absorption dependence seen in
simulations, but a refined experiment is necessary to con-
firm this interpretation.
Despite the various challenges in fabrication and inter-
pretation mentioned above, photonic-crystal-based UC
enhancement in a in a spectral range relevant to c-Si pho-
tovoltaics has been demonstrated here for the first time.
The method presented may serve as the basis for future
experiments on slow-light enhancement in high-quality
one-dimensional photonic crystals.
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